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8ABSTRACT
Dynamic mechanical measurements between -180° and 160°C
were made on both isotropic and oriented nylon 66 and nylon
6 over a wide frequency range by the use of a torsional
pendulum (lHz), a viscoelastic spectrometer (5- 90Hz) and
an ultrasonic technique (10MHz). The relaxation peaks were
identified and the associated activation energies determined
from Arrhenius plots. Orientation leads to a lowering of
molecular mobility in the amorphous regions, thereby
reducing the height and temperature of the d relaxation
associated with large scale segmental motions. The B and
relaxations are little affected since they involve local-
mode motions.
The five independent elastic constants Cllr, Cl2r ,C13,
C33 and C44 for nylon 66 and nylon 6 with draw ratio 1
3 have also been measured from -40° to 150°C by an
ultrasonic method. The crystalline and amorphous orientation
functions, fc and fa, were determined by wide-angle x-ray
diffraction and birefringence. fc increases sharply at low
and becomes saturated at =3 for both nylons fa of nylon
66 exhibits a similar behavior as fc, but fa of nylon 6
increases slowly below = 2 and then rapidly at higher
Below the d relaxation temperature Ta( N 140°C at 10MHz),
only the axial longitudinal and tensile moduli, C33 and E0,
show large increase for both nylons. However, above Ta all
moduli increase with
,reflecting the dominant effect of
taut tie-molecules at high temperature.
Absorption of water in nylons has drastic effects on
both the a relaxation and mechanical moduli. The a peak of
both nylons shifts down about 95°C and the activation energy
becomes smaller. At low temperature, due to antiplastipizing
effect of water, the moduli of wet nylons are higher than
those of dry nylons. Above the a relaxation for wet nylons,
however, the moduli of wet nylons are lower as a result of
the plasticizing effect of water.
Finally, the moduli of dry nylon 6 were analyzed in
terms of the two-phase aggregate model.
1C H A P T E R 1
Introduction
1.1 General Background
Polymers are relatively cheap, large-volume
structural materials comparable in importance to metals.
Their widespread use and rapid growth result largely
from their versatile mechanical properties which cover
the range from those of elastomers to rigid materials.
Many groups of workers with widely different backgrounds
and interests have the need to know the mechanical
properties of polymers. Furthermore, very few new low-
cost polymers have been marketed in recent years, so it
is important to find physical means to improve the
mechanical performance of polymers already commerically
available.
Orientation, which can be achieved by various
methods including drawing or extrusion, is a commonly
empolyed technique to improve mechanical properties.
After uniaxial orientation, the tensile modulus along
the draw direction increases substantially, while the
other moduli show relatively small-changes. Moreover,
because of the constraint imposed by the taut tie-
molecules, the major amorphous relaxation peak (normally
associated with the glass transition) decreases in height
and shifts up in temperature, and the drop of the moduli
at this relaxation becomes much smaller.
Nylons, being one of the most commonly used
family of polymers, have been the subject of extensive
investigations for many years (Starkweather et al.,
1956, 1959, 1969, 1981; Woodward et al., 1957, 1960;
MaCrura et al., 1967; Hadley et al., 1969; Prevorsek
et al., 1971; Owen and Ward, 1973). However studies
of the mechanical relaxation behaviour of oriented
nylons over wide temperature and frequency ranges are
rare. As a result, reliable values of the activation
energy for the various relaxations are not available.
As regard to moduli, there have been only one attempt
to determine all five independent moduli of an uniaxially
oriented nylon 66 sample at room temperature (Hadley
et al., 1969). However, the effects of moisture on the
relaxations and moduli of oriented nylon, have
received very little attention. For these reasons, a
detailed study of the structure and mechanical
properties of oriented nylons wou1d be of great
scientific and practical interests.
1. 2 Previous Studies on Mechanical Relaxations and
Moduli of Nylon 66 and Nylon 6
Mechanical relaxations of nylons have been reported
by various investigators and a review has been given by
MaCrum, Read and Williams (1967). In the temperature
range of -180°C- 160°C, there are three relaxations,
designated and in the order of decreasing
temperature. At a frequency of 10Hz, the and
peaks for dry nylon 66 are located, respectively, at
about. 85°C, -55°C and -130°C. For dry nylon 6, the
temperature locations of the p and relaxations are
roughly the same but the cp process occurs at a temperature
15°C lower.
.The mechanisms for the various relaxations of nylons
have been investigated by Woodward et al. (1957). The
relaxation is due :o the onset of large-scale motion of
chain segments caused by breaking of hydrogen bonds in
the amorphous region, and is therefore associated with
the glass transition. ThefP relaxation is due to
segmental motion involving amide groups in the
amorphous regions which are not hydrogen-bonded to other
amide groups. The relaxation is associated with
local-mode motion of CH groups between amide linkages
in the amorphous domains.
Water absorption has a drastic effect on the
mechanical properties-of nylons. It is generally agreed
that water enters mainly the amorphous regions. The°
relaxation is drastically affected and shifts approximately
90°C to lower temperature for isotropic nylon 66 and
nylon 6 saturated with water (Woodward et al., 1960
Prevorsek et al., 1971). The reason is that water
breaks some of the intermolecu 1ar hydrogen bonds between
neighbouring chains and thereby plasticizes the polymers
by increasing chain mobility. At high moisture content,
the peak is submerged in the tail of strong oL
relaxation while the peak diminishes in height, but with
the temperature location remaining unchanged.
Drawing leads to a shift of the oi relaxation to
higher temperature and a reduction of its height. These
arise from the constraining or the stiffening effect
of the taut tie-molecules in the amorphous phase. Because
of the V process involves only localized motion, it is
much less affected by orientation. The behaviour of the
ft relaxation is more complex since it seems to depend
on the mode of deformation (tensile or shear) and the
direction in which the tensile stress is applied
(Papir et a1., 1972; Prevorsek et a1., 1971).
Very few studies has been made on the directional
mechanical moduli of oriented nylons. The Young's moduli
at 0°. 45° and 90° to the draw direction (E E and En)
of oriented nylon 6 with draw ratio X= 1- 2.6 were
measured by Owen and Ward (1973) from -110° to 20°Co At
low temperature, EEc_Eq for a sample at X= 2.6
but there is a crossover between E and E at 0 C above
which Eq E9q E. The low-temperature behaviour
arises simply from chain orientation but the small value
of E at room temperature indicates that shearing in
the plane containing the chain-axis becomes important at
high temperature.
Starkweather (1969) has studied the effect of water
on a rolled sample of nylon 66. After water absorption,
both E and E increased at low temperature (anti
plasticising effect) but decreased at high temperature
(piasticizing effect). He also observed that water
has less effect on the properties in the transverse
direction than in the machine direction.
1. 3 Scope of Present: Work
The present work is divided into three parts:
(a) structural measurements, (b) mechanical relaxations
and (c) mechanical moduli. The structural studies
involve mainly wide-angle x-ray diffraction and
birefringence which give the crystalline orientation
function f and amorphous orientation function f.
Mechanical relaxation behaviour between -180°C and
160 C has been investigated. A torsional pendulum has
been used at 1Hz while tensile measurements with
viscoelastic spectrometer covers the range of 5 to 90Hz.
Ultrasonic measurements at 10MHz have also been made by
a liquid-tank technique. For the dry samples, ot,
and peaks were observed in torsional and tensile
measurements while only cL and peaks were observed in
the ultrasonic measurements. With increasing frequency,
the 13 peak shifts up in temperature faster than than
the oL process and is submerged by the tail of the
peak. For the wet samples, only the£ relaxation was
observed with the exception of one sample. The
activation energies for these relaxation have been
evaluated.
The five stiffness constants of uniaxially
drawn nylon 6 and nylon 66 have been studied between
-40°C and 150°C by means of an ultrasonic technique at
10MHz. The effect of crystal 1inity had also been studied.
The results of dry nylon 6 was compared with Samuel's
two-phase aggregate model.
In the next chapter, the theory on which me a our omen f.
and analysis are based will be discussed. In chapter 3,
the sample preparation and experimental techniques are
described. Finally, results and discussions will be
presented in chapter 4 and the conclusion given in
Chatper 5. The raw data are listed in the Appendix.
C H A P T E K
Theorv
2.] Elastic Properties of Anisotropic Solids
The elastic properties of an anisotropic solid for
%
small strains are defined by the generalized Hooke's Lav.
(2.1)
(2.2)or
where d.. and e,, are the stress and strain tensors,
i j k 1
and C.... and S..., are the stiffness and compliance
ijkl lj k1
tensors. For the stress tensor d•., the first and the
i J
second subscript refer, respectively, to the direction
of normal to the plane on which the stress acts, and
the direction of the stress. For the strain tensor e,,
ki'
if k= 1, e,, corresponds to longitudinal strain in theK rC
k-direction. Otherwise, e,. corresponds to the shear
rC 1
strain in the kl-plane. In the absence of body torques,
ok.= d.. and because of symmetry of e,,, the followinq
l j j l 1 1 k 1'
relations holds,
(2.3)
Therefore the number of stiffness constant is reduced
from 81 to 36. Furthermore, the existence of a strain-
energy function (Nye, 1957) provides the relationship
(2.4)
Thus there are 21 independent stiffness constants for
an anisotsopic solid.
It is customary to adopt an abbreviated nomenclature
in which the generalized Hooke's Law relates the six
independent components of stress to six independent
components of the strain by the relation
(2.5)
(2.6)
where d represents 3, ci 2 a' 33' 13' 2 3' 12 and
e represents e, e g g' e Q 3' e13' e 2 3' e 19° n e case
of stiffness constants the A's and B's are obtained in
terms of i, j, k, 1 by substituting 1, 2, 3, 4, 5. 6
for 11, 22, 33, 23, 13, 12 respectively. For the
compliance constants, owing the fact that (Ward 1971)
the definition of eA and e.. differ by a factor of 2,
A 1 j 7
we have
when A and B are 1, 2, or 3
when either A or B are 4, 5, 6
when both A and Bare 4, 5, or 6 (2.7)
An unaxially oriented polymer is isotropic in the
plane normal to the draw axis. For such a transversly
isotropic material with the 3-axis as the axis of
symmetry (draw direction), there are five independent
stiffness constants. The stiffness constant matrix
can then be written in the form
where
The various independent stresses and the various stiffness
constants are shown in Fig 2.1.1 and Fig 2.1.2,
respectively. Usually, when a stress is applied to a
polymer in one direction, it will elongate along the
direction of stress and will contract in the direction
perpendicular to the direction of stress. However, from
Eq 2.5, the transverse longitudinal modulus and
axial longitudinal modulus are defined as the ratio of
stress to strain along the direction of stress with the
contraction perpendicular to the direction of stress being
absent. The axial shear modulus is associated with
shear in the 1-3 or 2-3 plane and the transverse shear













P i n 2.1 Schematic diagram showing the physical
meaning of C33' C44 and C660[ OI
c, CQVand C the lines represent
polymer chains, For Cgg? the dots represen
the cross-sectional views of polymer chains
The arrows denote the applied forces.
The cross-plane moduli give the ratio of stress in
the A direction and strain in the B direction according
to Eg 2.5.
For an isotropic solid, the number of independent
stiffness constants are further reduced to 2 and the
matrix can be written as
where
The compliance constants S g are related to the
stiffness constants CAO by matrix inversion. For aAd
transversely isotropic solid, the compliance constants













If the compliance constants are known, the
compliance at an angle Q to the draw direction can be
calculated by coordinate transformation. The compliance
constants S.... referred to one system of Cartesian axes
i j k 1
are related to S referred to a second system of
pqmn J
Cartesian axes by the tensor-transformation rule
where a. is the consine of the angle between the
pi
p-axis in the second system and the i-axis in the first.
If the 3' axis makes an angle 0 with the draw direction









Fig 2.1.3 The compliance S making an angle Q to the
draw direction Ca-axis). The coordinate
system (1', 2', 3') is rotated through an
angle Q about the 2~axis.
In the abbreviated notation,
(2.18)
The Young's modulus at an angle Q with the draw






Similarly, the various Poisson's ratio 13' 21'





The second subscript of Y AO denotes the direction alongA l3
which a tensile stress is applied. Thus 1.~ gives the
ratio of the strain in the transverse (1) direction to
A
that in the draw (3) direction when a tensile stress is
applied along the draw axis.
2 .2 Elastic Wave in an Anisotropic Solid
2.2.1 Wave Velocities
In section 2.1, it was shown that the elastic
properties of a transversly anisotropic solid is
characterized by five stiffness constants. At present,
the utlrasonic method is the most convenient technique
for obtaining all five stiffness constants, since it only
involves velocity measurements in various directions.
Using the generalized Hooke's Law and the Newton's
Law, the wave equation of an anisotropic solid can be
written as
(2.25)
where is the density of the anisotropic solid and U_
is the displacement in the direction x. For a plane
harmonic 'wave, we have
(2.26)
where are the amplitudes of the displacement
components and are components of the wave vector.




where n. is the component of unit wave vector in the
j direction and V is the velocity of the elastic wave
propagating in the direction n_.. Equation 2.2 8 is a
set of homogeneous equation which have non-zero solutions
only ifj.
(2.29)
In general, three waves velocities which relate
the stiffness constants were given by the above
determinant (Pollard 1977). However, in our
experimental set-up, the sample was immersed in fluid,
in which only longitudinal waves could be propagated.
Consequently not more than two of the three possible
waves could be excited at the same time, (Chan, 1980 and
Rawsen and Rides, 1974). With the symmetry axis vertical
(i.e. the 3-axis) as shown in Fig. 2.2.1a, the waves
excited are pure longitudinal (V) and pure transverse
(V), both having wave normals and displacements in the
1-2 plane. The wave velocities and V are related to
the stiffness constants C and C respectively by the
equations
Fig 2.2.1 pne pnintize oxiention of the ulerusonic
Dam G and the sampe with 3-axis boing the
pmtry axis (a) for moasureing line
%qlociten vl and vt and b for measureling
the yejociting yt and vt.
(2.30)
(2.31)
With the 2-axis vertical, the waves excited are quasi-
longitudinal (v+) quasi-transverse (V). For the
wave propagates at an angle Q to the plane normal
(i.e. the 1-axis) as shown in Fig 2.2.1b, the wave
velocities V and V are related to the various stiffness
constants by the equation
(2.32)
w here
Therefore the five stiffness constants which characterize
a transversly isotropic solid can be obtained by
measuring the velocities V, V V and V at different
angle of propagation inside the sample.
2.2.2 Attenuation
For an ultrasonic wave in a viseoelastic material,
the stiffness constants are complex quantities (Read and
Dean 1978)
( 2. 3 3 i
Hence the velocities in a viscoelastic material must also
t
be complex. By representing the velocity by V= V
+ iV, the wave displacement becomes
(2.34)
where is the absorption coefficient.
From Eq 2.34, it can be seen that the wave in the visco-
elastic material travels with phase velocity
(2.35)
For wave propagation along the principal axes in a
transversely isotropic material, Eq 2.29 reduces to
the form
(2.36)
Therefore from Eqs.2.35, 2.36 and the relation between
and
The internal damping due to viscous effect is given by
the loss tangent which relates C and C by




2.3 Two-Phase Aqqreqate Model
The two-phase aggregate model, which is a
generalization of Ward's single-phase mode 1( 1962), was
proposed by Seferis, Samuals and co-workers (1974, 1976,
1977, 1979) to explain the mechanical behaviour of serni-
crvstalline polymers. In this model, a polymer is
considered as a heteregeneous mixture of distinct
regions of crystalline and non-cyrstalline phase. The
basic structural element associated with the crystalline
phase is the unit cell of the crystal, while the structural
element of the noncrystalline phase is viewed as a
collection of macromolecu1ar chain segments not included
in the crystal structure but nevertheless exhibiting
some form of structural symmetry. Each structural
element, the crystalline and noncrystalline, has its own
inherent physical properties.
To obtain a quantitative description of the bulk
properties of semicrystalline polymers, the structural
element of each phase are arranged in space as an
aggregate of stacks of elements according to some
orientation distribution. The aggregate of the
crystalline, elements constitutes the crystalline phase,
while the aggregate of noncrystalline elements
constitutes the noncrystalline phase. Thus the
properties of the structural elements that constitute
each phase are first volume-averaged according to
the orientation distribution prevalent in the phase
in order to obtain its contribution to the bulk
material properties. The crystalline and non crystalline
phases, weighted by the resepctive volume
f r ac t.ions they occupy i n sp-ice, ar e then comb j n(._d I o
obtained the bulk properties of the material.
The execution of the above scheme depends on the
internal stress-strain field in the material.
Unfortunately there is very little knowledge on the
internal stress-strain distribution in crystalline
polymer. Therefore calculations have been made only
for the simple cases of uniform stress or uniformi.
strain. If a uniform distribution of stress is assumed
throughout the material, the compliance matrix should
be used in the orientation and volume averaging,
resulting in the well-known Ruess averaging. Conversely,
if a uniform strain field is assumed throughout the
material the stiffness constant matrix should be used
in the orientation and volume averaging of the
structural elements, resulting in the Voigt averaging.
The Ruess Model gives a better description of the
mechanical behaviour. Therefore Seferis and Samuels
(1979) derived the compliances of a transversely
isotropic semicrystalline polymer in terms of the
compliances of the orthotropic structural elements in
each phase using this model. For transversely istropic
structural elements, the relation between the















( 2. 9 0)
The subscript p denotes the crystalline (c) and
noncrystalline( a) phase. S, 0 and S r with A B
J AB AB p
assume the value from 1 to 6 are the bulk compliance and
the compliance of the aggregates respectively. V is the
volume fraction of crystalline phase. f and q are
p Jp«
respectively, the second and fourth moment of the
distribution of chain orientation,
where (2.51)
(2.52)
with 0 is the angle between draw axis and the molecular
chains. It is easily seen that the five independent
compliances used to describe each transversely isotropic
structural elements (sno, s, n, s.n, s,,, s..)
33p' lip' 13p' 12 p 44p
correspond to the five intrinsic parameters (A, B, C,
P P P
AQp, Bqp) that are used to describe the aggregate phase
mechanical properties.
As we shall see, the modulus most sensitive to
orientation is the tensile, modulus, so we will concentrate
on this modulus when making comparison with the mode1 of
Seferis and Samuels.
E q s. 2.39 and 2.40 reveal that the tonsil, e
compliance S (0) at an angle 0 to the symmetry axis of
a transversely isotropic polymer depends on six




The number of parameters can be reduced to two by
making the following reasonable assumptions: (i) the
cross-plane compliance sp is much less than the
transverse shear compliance, (ii) the transverse
shear compliance is equal to the transverse tensile
compliance sqqp an (iii) the axial tensile compliance
for each phase, then the parameters
and and c. These assumptions were found
to be valid for polypropylene (Samuels, 1979;Leung
and Choy, 1983) and seem to be reasonable for other





For an isotropic polymer f= f= 0, therefore3 C
(2.57)
and a polt of against cry s talil ini ty gives the
value of A at V= 0 if the value of A is known.
a c c
It is seen from Eq, 2.54 that the orientation
functions f and f are required to find the value of E.
c a p
From wide-angle X-ray diffraction' (WAXD) measurements,
the crystalline orientation can be determined.
Furthermore, neglecting form birefringence, the measured
birefringence (A,) is related to the intrinsic bire¬
fringence of the crystalline phase (A°) and the
intrinsic birefringence of the amorphous phase (A°) by3'
the expression
(2.58)
which can be rewritten in the form
(2.59)
Thus by measuring f, A.,, V and with known values of
A° and A°, the non-crystalline orientation function f
a
can be found. Hence with known values of A, A, f and
c a 7 c
f, the Young's modulus E at an angle 0 to the symmetry
axis can be obtained.
It will be useful to remark on the assumption usee
and to obtain some physical feelings of the intrinsic
parameters. At perfect orientation of the crystalline
and amorphous phases, f= f_= 1. Thus from Eq 2.55,C a
1
E1= 0. Hence the model is only valid for orientation
functions less than 1. Putting
Eq. 2.56 gives the relations between A and A and thed C
transverse Young's modulus of the amorphous and
crystalline regions:
C H A P T E R 3
Experimental Techniques
3.1 Sample Preparation
The starting materials were Du Pont nylon 66
%
(Zytel 42) and BASF nylon 6. Both nylons were supplied
in the form of sheets. The nylon 66 sheets had thickness
of 3mm and 12mm and a melting point of 265°C. The nylon
6 sheet had a thickness of 5mm and a melting point of
220°C. X-ray diffraction measurements show that the
crystallites of both the nylon 66 and nylon 6 are in the
-form.
3.1.1 Isotropic samples of Different Crystal1inities
Isotropic samples of various crystallinities were
studied. They were prepared by the following methods.
For nylon 6, samples I and II were obtained from
the same nylon 6 sheet, which was first moulded at 230°C,
quenched in ice water, and then given different thermal
treatments. Sample I was the as quenched nylon 6 sheet.
Sample II was prepared by annealing in a silicone oil bath
at 120°C for one hour. Sample III was the as-received
sheet. Sample IV was obtained by moulding a nylon 6 sheet
at 230°C, first cooled to 180JC at a rate of 10°Chr and
than cooled to room temperature in the press.
For nylon 66, samples I and II were obtained by
moulding dry nylon 66 sheets to different thicknesses and
then quenched in ice water. Sample III was the as-
received sheet. Sample IV was obtained by annealing
the quenched nylon 66 sheet in silicone oil bath at
190°C for eight hours.
The desnity() of all samples was measured atm
room temperature by floatation method. Mixture of
toluene( f= 0.867) and carbon tetrachloride({= 1.594)
was used. The density of the mixture was measured with
a single beam specific gravity balance. Since nylons
absorb carbon tetrachloride slightly (Lewis and Ward,
1980), the samples were immersed in the liquid mixture
for less than five minutes to reduce liquid sorption to
a negligible amount. The error of the density
3
measurement is estimated to be 0.0005 gmcm.
The volume fraction crystallinity V of the
7 J c
samples were determined by using the formula
where and 3 are the densities of the crystalline
and amorphous phase, respectively. For nylon 66, the
3 3
values of_ and P are 1.069 gmcm and 1.220 gmcm,
respectively (Starkweather and Moynihan, 1956). For
nylon 6 the values of and p are 1.09 gmcmJ
(Balcergyk et al., 1981) and 1.220 gmcrr3 (Lewis and
Ward, 1980) respectively.
The crystallinities will increase after
measurements at high temperatures, particularly for
the less crystalline samples. To gauge this effect,
the densities and crystallinities of the isotropic
samples are measured after 90°, 13 0', 150°C moduli
me a surerne nt.
3.1.2 Oriented Samples
Dumb-bell shaped samples of width 1- 2cm and
gauge length 3- 6cm were cut from the as-received
isotropic sheets and drawn at 150°C on an Instron
Tensile Machine (Model 1026) at a rate of 5cmmin.
The draw ratio was determined from the ratio of the
final average separation of two adjacent parallel
ink marks on the drawn sample to their initial separation
(1mm). These measurements were made after the samples
had been taken out the tensile machine for more than
two days so as to allow sufficient time for relaxation.
The 3mm thick nylon 66 and 5mm thick nylon 6
as-received sheets were used in the preparation of all
the samples except for the nylon 66 sample for ultrasonic
attenuation measurement. For these measurements, a
thicker sample is required to ensure high accuracy and
so the 12rnm thick nylon 66 sheets were used. All the
samples were polished by silicon carbide paper until the
thickness was within 10 jum of the desired thickness.
For the tensile samples, the length, width and thickness
were roughly 40mm, 4mm and 0.3mm, respectively. For the
torsional samples, the length, width and thiekness wore
45mm, 5mm, 1.2mm, respectively. For ultrasonic moduli
measurements, the samples had area of 1.5crn x 1.5cm
and thicknesses from 1- 1.5mm, while for ultrasonic
attenuation measurements the samples had area of 1cm
x 1cm and thickness from 3- 6mm.
All the x-ray samples were obtained by machining
oriented samples on a lathe to cylinders of length 1cm
and diameter 1mm. The axis of each cylinder was
parallel to the draw direction.L
Samples for birefringence measurements
Birefringence samples could not be made by
grinding thick oriented samples to suitable thickness,
because even grinding the samples with very fine (800)
silicon carbide paper would produce rough surfaces which
caused undesirable scattering of light. To prepare
birefringence samples, isotropic sheets of nylon 6
and nylon 66 were first dried in a vacuum oven at 120°C
for seven days to remove moisture. These sheets, covered
with two thin stainless steel plates, were then moulded
at a pressure of 30 tonsq.in. and a temperature of 230 C
and 270°C for nylon 6 and nylon 66, respectively, to
thin sheets of thickness approximately 0.45mm. The molten
sheets together with thin stainless steel covering plates
were subsequently removed from the press and quenched to
room temperature by cool air. The moulded sheets were
then stored in a desiccator filled with dry silica gel
for at least a week before their densities were measured.
Phe densities of these moulded isotropic sheets were-
essentially the same as that of the dried as-received
isotropic sheets. These sheets were drawn by following
the procedures described above.
Sample Conditioning
Since the draw temperature was 150°C, all the
isotropic samples were annealed at this temperatures
for 1 hours so that they would have the same thermal
history as the drawn samples. To prepare dry samples,
all the samples were placed inside a vacuum oven at
120°C for seven days and then stored in desiccator over
silica gel until constant weights were reached. The
wet samples were obtained by placing the dry samples
in distilled water until their weights did not increase
any further. All the dry samples were stored in
desiccator over silica gel between measurements to
prevent moisture absorption, while the wet samples
were stored in distilled water between measurements.
3. 2 X-Ray Measurements
To determine the orientation function of the
crystalline phase f, the technique of wide angle x-ray
diffraction was employed. The apparatus used was a
Syntex R3 crysta 11ographic system which comprises a
four-circle diffractometer, a mini-computer with input
output devices and a x-ray generator. The x-ray
generator produces MoKo radiation whose wavel ength is
0.711 A. The current and voltage df the x-ray generator-
were set at 20mA and 40KV, respectively. A .detailed
description of the Syntex R3 crystallographic system
and the method of measurements is given in the M. Ph.
thesis of C. W. Huang (1982).
When a polymer is drawn, the chain molecules in
the crystallites tend to orient along the draw direction.
To specify the orientation of the chain axes (e.g. b-axis
in the case of nylon 6) in the crystallite, the
colatitude X and longitude 0 are required as shown in
Fig 3.2.1. However, for a transversely isotropic
material, only the colatitude X is enough to describe
the orientation of the chain axes. It is useful to
define a crystalline orientation function f:
(3.1)
with
where I(X,0) is the pole concentration at coordinates
(X,0) which represents the relative number of chains
normal to a certain lattice plane (hk1). For a
transversely isotropic material, I(X,0) is independent
of 0 and
D r a w
Direction Z
(h k!} piano
Fig 3.2.1 Geometry of WAXD technique for Pole Concentration measurements
From Eq.3.1, f assumes the value of 1, 0 and for
chains perfectly aligne d 9 randomly oriented and per¬
pendicularity aligned with respect to the draw direction,
respectively. For polymers having lattice plane (hkl)
normal or approximately normal to chain axis, f can be
obtained from the intensity of the diffracted X-ray beam
by the lattice plane (hkl). However, for polymers with
no lattice plane perpendicular to the chain axis, the
method of Wilchinsky (Wilchin sky, 196 3 and Alexander,
1969) should be used.
To determine the orientation distribution of
chains, the method of x-ray diffraction was used. For
a set of lattice planes (hkl) with interplanar distance
d (Fig 3.2.1) the diffracted x-ray beam OD of wavelength
A makes an angle 20 with respect to the incident beam
SO and 0 is given by the Bragg's Law:
If the normal to the lattice planes (hkl) lies along
the chain axes, then the intensity of the diffracted
beam is proportional to the concentration of the chains
which are oriented at an angle 90-X from the Z-axis.
Determination of Bragg Angle G
The Bragg angle 0 for a particular lattice plane
under investigation was determined by performing a
200 scan. In a 200 scan, the sample was erected
with the draw axis coincide with the x-axis. The
angle 0 and the angle 20 were mechanically coupled so
that a rotation of the detector D through) 20 degrees
was automatically accompanied by a rotation of the
sample through 0 degrees. This coupling ensured that'
the angle of incidence was equal to the angle of
diffraction at all times. For nylon 66, the chain
axis coincides with the c-axis but there are no
observable reflections for (00k) planes. Therefore
the reflection from the (1,3,14) plane (Bunn and
Garner, 1947 and Dumbleton, Buchanan and Bowles, 1968)
whose plane normal was about 2° from the chain axis
was studied. For nylon 6, the reflection from the
(0,14,0) plane (Homles, Bunn and Smith, 1955) whose
plane normal coincides with the chain axis was studied.
The angle 20 for the (1,3,14) plane of nylon 66 and
the (0,14,0) plane of nylon 6 are 33.77° and 33.6°
respectively for MoKc. line.
Verification of Transverse isotropy of oriented samples
For a transversely isotropic material, the
intensity of the diffracted x-ray or equivalently the
pole concentration I(X,0) is independent of angle 0.
To test the transversely isotropy of a sample, the
sample was placed with its draw axis along the Z-axis,
and the detector D was placed at an angle 20 from the
incident x-ray beam. The sample was then rotated
through an angle 180° about its draw axis and the
diffracted intensity was recorded. For drawn samples
of nylon 6 and nylon 66, the intensities of the
diffracted x-ray intensity were found to be unchanged,
hence the transverse isotropy of the draw samples was
confirmed.
Determination of I(X)
The pole concentration I(X) at an angle X for a
particular lattice plane (hkl) was found by placing
the sample as shown in Fig, 3,2.1 The detector D was
scanned through angles from
The intensity I of the diffracted x-ray
usually consisted of diffraction of the crystal plane
under investigation I and the intensity due to other
scatterings 1. The intensity 1 was found by sub¬
tracting the background I from the diffracted intensity
I as shown in Fig 3.2.2 and this was taken to be I(X).
By rotating the sample about the Y-axis in the X-Z plane
and repeating the measurements, the intensities at
various angles were determined. At low X where the
diffracted intensity is low, I(X) was measured at a
widely separated X values: 0°, 20°, 40° and 50°.
Fig 3.2.2 Profile of x-ray diffraction as a
function of 20.
For X= 60L- 90° where the intensity is high, I(X)
was determined at 5° interval.
Evaluation of f
c
For all the oriented samples, the curves of I(X)
versus X follow closely a Gaussian form. Therefore the
data points were fitted to a Gaussian curve, and
p
tcosX was obtained by numerical integration accord¬
ing to Eq. 3.2 and then the crystalline orientation
function f was found accord!no to Eq0 3.1. The
c- M
error in f was estimated to be less than 10%.
c
3. 3 Biref rinqenee Measurements
The birefringence A of the oriented samples were
measured with white light at room temperature using
a Leitz polarizing microscope equiped with a tilting
compensator and one or more retardation plates. The
retardation plates were introduced to enable measure¬
ments on thick samples( 0. 3- 0.4mm), thus reducing
the error in thickness determination. The retardation
for these plates were 2840nrn and 3664nm, respectively.
The birefringence of the samples was obtained
from averaging 30-40 measurements. The error in
birefringence was estimated to be 6%.
3. 4 Low Frequency Torsional and Tensile IA-•• i uv -nr
Dynamical torsional measurements at 1Hz were
carried out on an inverted torsional pendulum, the
detail of which is given elsewhere (Luk, 1980). The
temperature range of the measurement was from -180°C
to 130°C. The temperature of the sample was the
average temperature measured by two copper-cons tan tan
thermocouples placed near the two ends of the sample
which usually showed a cf-3°C temperature difference,
depending on the temperature.
The theory of torsional pendulum is fully described
by Read and Dean (1978). The equation of motion for
a viscoelastic sample under free oscillation in a
torsional pendulum (neglecting air-damping) is given by
(3.3)
where angular twist of the sample
I= total moment of inertia
G1, G= the real and imaginary parts of the
complex shear modulus.
f= geometric factor (a constant depends on the
sample geometry).
c= effective sample length.
By solving Eq. 3.3, the real and imaginary shear moduli
can be expressed as
(3.4)
( 3. 6)
and the loss tangent is given by
(3.7)
where vV is the logarithmic decrement which can be
calculated from the decay trace. For a rectangular
sample of width a, thickness b, and effective length c,
the geometric factor f is given by
(3.8)
when ab 3, a condition satisfied by our torsional
samples. The experimental errors in frequency and
moment of inertia were about 0.0.5Hz and 1% of the
moment of inertia, respectively. The error in thickness
and width of the sample are about 10 um. The error in
effective length was about 0.2mm. The error in the
logarithmic decrement -A- was less than 1%. Hence the
random errors in the shear modulus G and tan I
evaluated by the method of error propagation were
2- 4% and 1- 2%, respectively, over the entire
temperature range.
Dynamical tensile measurements (5- 90Hz) were
carried out on a viscoelastic spectrometer (Iwamoto
Seisakusho Ltd.) which determined both the tensile
modulus E and the loss factor tan J at temperature
from -180°C to +130°C. The phase angle between the
stress and strain can be read directly from the phase
meter and the stress for a given strain can be obtained
by dividing the dynamic force reading by the cross-
sectional area of the sample. During the experiment,
a fixed alternating strain of about 0.1% was chosen
to ensure linearity between stress and strain. The
errors in the tensile modulus E and the loss tangent
tan J, which were mainly due to non-uniformity of the
sample cross section and temperature were estimated to
be about 5%T
3.5 Ultrasonic Measurements
The'ultrasonic measurements and the analysis of
data were similar to those discussed1 by Chan (1980).
Therefore, only a brief discussion with emphasis on
the new features is given. Two ceramic transducers
of diameter 6mm and 8mm, arranged so that their axes
lie horizontally along the same straight line, were
immersed in a silicone oil bath. Transducers of
smaller size were used here because measurements can be
made on smaller samples. Below room temperature, the
silicone oil bath was cooled by passing cold nitrogen
gas through a copper coil immersed in the bath. Above
room temperature, the temperature of the silicone oil
bath was maintained by using a heater. In both cases,
an Eurotherm controller was empolyed for automatic
temperature control to 0.05°C
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the transmitting transducer which generated a beam of
pulsed 10MHz ultrasonic wave in liquid, each pulse
lasting 2 jjs and the repetition rate being 5KHz. The
beam impringed on an oriented sample at a set angle anc
generated within the sample both a longitudinal and
a transverse wave which were subsequently refracted
back into liquid and picked up by a receiving transducer.
The attenuated driving pulse and received signals were
observed on a Tektronix 7834 oscilloscope, and the
transit time for the ultrasonic pulse to travel from
one transducer to the other was measured on a gated
interval-counter (Tektronix 7D15). The transit time was
also measured when the sample was removed, and the
ultrasonic sound velocity was calculated from the
difference in transit times.
From Eqs. 2.30 and 2.31, the elastic moduli C
and Crr are directly related to, respectively, the
o o
velocities of the longitudinal wave and transverse
wave generated in the oriented sample when it is
A
so aligned that the draw direction 3 is normal to the
plane of the ultrasonic beam direction u and the normal
A
to the sample surface 1 (see Fig 2.2.1a). In this case
V and V should be independent of the incident angle 0
if the uniaxially drawn sample is transversely
isotropic. By comparing results of several measurements
at different 0 (leading to different acoustic path
within the sample, this was found to be the case,
and these results are averaged for an accurate
determination of C.. and C66 And hence the linearly
dependent C12= (C11- 2C66).
When the sample is so aligned that the draw
direction 3 lies in the same plane as u and 1 (see
Fig 2.2.1b), then the velocities of the quasi-
longitudinal V+ and quasi-transverse V waves generated
in the sample are dependent on the incident angle,
and are related to four of the five independent elastic
moduli, C, C', C33 and C, through Eq0 2. 32 Since
C. has already been determined, only 3 measurements
are in principle required for the evaluation of the
remaining moduli. However, to attain higher accuracy,
about 11 longitudinal and 10 transverse velocity
measurements were taken, and £435 33 anc 44 were
determined from a least-squares fit to Eq.2.32.
The overall error arises from the uncertainty in
the measurement of angle, time and sample thickness
and is about 2% for Cb abd Crr. The error in the other
elastic constants is estimated to be 4- 7%.
The attenuation in the direction perpendicular
to the draw axis was also measured. The apparent
attenuation A (in db) was measured by comparing the
pulse-heights of the received ultrasonic signals at
normal incidence with and without the sample in the path
of the ultrasonic beam. The true attenuation of the
sample is equal to the apparent attenuation A minus the
attenuation due to the reflections from the surfaces of
the sample. Assuming that the attenuation is small
and negligible in silicone fluid, the absorption
coefficient ol of the sample (in dbm) is given by
(3.8)
where d is the sample thickness in meter, Z-, is the
product of the sample velocity and its density and
is the product of the fluid velocity and its density.
The last term on the right hand side of Eq 3.8 is the
reflection loss at the sample-liquid interface.
Using the known ci values, tan can be calculated






The density and volume fraction crystallinities of the
nylon 66 and nylon 6 samples used in the present study are
shown in Tables 4.1 to 4.4. From Tables 4.3 and 4.4, it is
seen that the densities of the dry and wet oriented samples
of nylon 66 and nylon 6 are approximately independent of
draw ratio. Moreover, although the density of water is
smaller than.dry nylons, the densities of both nylons in-
crease after water is absorbed into the samples. According
to Starkweather (1959), the intermolecular hydrogen bonds of
nylons obey rather strict steric requirements, and so pre-
vent the other portion of the molecules from packing as
closely as they otherwise would. Therefore when one of the
hydrogen bonds is broken by water molecules, there is a
decrease in total volume, and hence an increase in density.
4.2 Wide Angle X-ray Diffraction Measurements
The crystalline orientation function fc obtained from
the (1,3,14) and (0,14,0) x-ray reflections of nylon 66 and
nylon 6, respectively, are shown in Fig. 4.2.1. For both
polymers, fc increases sharply at low draw ratio X but
tends to level off above) =2.2. The fc values are almost
identical for nylon 66 and nylon 6 except at high draw ratio
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Table 4.3 Sample Characteristics of Nylon 66 Used in Mechanical Measurements























Table 4.4 Sample Characteristics of Nylon 6 Used in Mechanical Measurerrien t
Draw Ratio 1 1. 6 2. 2 o
D r y S ampie
Densit y 1.13 9 1.140 1.141 1.141
Crystal 1init y
o O s c 0. 385 0.39 2 0. a 9 a
Wet Sample
Density
a a a r~
l 1 4 2 1. 144 a a a
Wto% Water Content 9. 9 j y• 6 p n
10.5
1 ?L-t«
Fig 4.2.1. Crystalline orientation function f and
amorphous orientation function f of Nylon 66
and Nylon 6. Open symbols refer to Nylon 66,




Fig 4.3.1 Birefringence of Nylon 66 (o), and Nylon 6(©).
at which f for nylon 66 is about 10% lower. The
values of f are 0.8-0.9 at indication th a t t h e
chain alignment in the crystalline regions is almost
completed at this draw ratio.
4.3 Birefrinqenence and Amorphous Orientation Function
The birefringence, which is a measure of the overall
chain orientation, is shown in Fig. 4.3.1. For nylon 66, the
birefringence increases rapidly up to X=2.2 but more slowly
between X= 2.2 to 3 indicating that there is a faster in¬
crease in the overall chain alignment at low draw ratio. The
birefringence of nylon 6 is smaller at low draw ratio,
however, at a result of steeper slope of the curve at higher
A there is a cross-over between the birefringence versus A
curves for nylon 66 and nylon 6.
With known values of the intrinsic birefringence of the
crystalline phase Ac and amorphous phase A,?, the
amorphous orientation function f can be obtained from Eg.
2.5 9. For nylon 66, A?= A =0.0 7 3 (Gulp in and Kemp, 1956),
while for nylon 6, =0.089 and AO.078 (Balcerzyk et al.,
1981). The amorphous orientation functions of nylon 66 and
nylon 6 are also shown in Fig. 4.2.1. The amorphous
orientation of nylon 66 increases in a manner similar to
that of birefringence. For nylon 6, f increases slowly for
1A2.2, but rapidly for 2.2A3 reflecting that chain
alignment occurs first in the crystalline regions (see Fig.
4.2.1). Then the chains in the amorphous regions are aligned
when the alignment process in the crystalline regions is
almost completed. It should be emphasized that the f values
derived from the above procedure depend on the chosen A(
and values. The values for nylon 6 are more reliable
since they were estimated from measurements on a large
number of samples with crystal1inity Vr varying from 0 to
0.55.
4.4 Mechanical Relaxations of Nylons
4.4.1 Nylon 66
As shown in Fig. 4.4.1, dry nylon 66 exhibits three
relaxations at low frequencies (torsional or tensile), in
agreement with previous work (Prevorsek et al., 1971; Papir
et al., 1972). At a frequency of 10Hz, the, p and
peaks are located, respectively, at 8 4°, -56°, -128°C. How¬
ever, for ultrasonic measurements (10MHz), only two peaks
are observed at 140° and ~20°C which are the and y! peaks,
respectively. This is because with increasing frequency, the
p peak shifts up in temperature faster than theCiprocess0
so, at 10MHz, it is submerged by the tail of the cL peak.
The d peak is attributed to large-scale motion of the chain
segments caused by breaking of hydrogen bonds in the amor¬
phous regions, while the B peak is due to segmental motion
involving amide groups in the amorphous regions which are
not hydrogen-bonded to other amide groups. Therefore the b-
peak has a higher activation energy than the peak and
hence there is less upshift in temperature with increasing
Temperature(oC)
Fig 4.4.1 Temperature dependence of the loss tangent of dry isotropic
nylon 66. , 1Hz, torsional; 10Hz tensile;
10MHz
frequency.
The effects of drawing are shown in Figs. 4.4.2 and
4.4.3. At low temperature, the torsional modulus of dry
isotropic nylon 66 is higher than that of dry oriented nylon
66, but. there is a cross-over at 55°C above which the
oriented sample has a higher modulus. Furthermore, the d
peak of oriented nylon 66 shifts up in temperature and
decreases in magnitude (Fig. 4.4.2). These features reflect
the decrease in mobility in the amorphous regions as a
result of chain orientation and an increase in the number of
taut tie-molecules (TTM). In contrast, the |3 and J
relaxations, which involve local-mode motions, are less
affected by drawing and their temperature locations remain
unchanged.
The tensile modulus of dry oriented nylon 66 is much
higher than that of the isotropic sample. Also, the ol peak
of the oriented sample shifts up in temperature and de¬
creases in magnitude. These are attributed to chain
alignment and the effect of TTM as described above for the
torsional measurements. The drop in the tensile modulus of
oriented nylon 66 near the d relaxation temperature (T) is
less than that for the isotropic sample, and this again
arises from the constraining effect of TTM which become more
important when the amorphous regions become rubbery. It is
also noted that in Fig. 4.4.3, the peak temperature of the p
relaxation is unaffected by drawing but its magnitude iin¬












Fig. 4.4.2 Temperature dependence of (a) the shear
modulus G and (b) the loss tangent at
1Hz for dry isotropic and oriented
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Tem.perature( C)
Fig 4.4.3 Temperature dependence of (a) the tensile modulus E
and (b) the loss tangent of dry isotropic and
oriented nylon 66 at 10Hz.—, isotropic;——,
oriented (A.- 3).
(1971) and is due to the increase in the number of unbonded
amide groups produced by uniaxial drawing.
The effects of moisture on isotropic and oriented nylon
66 are shown in Figs. 4.4.4- 4.4.6. The most remarkable
feature is that the ct relaxation shifts down by about 95°C
when the samples are saturated with water. At low
temperature, water acts as an antiplasticizer and the
modulus for the wet samples is higher. According to
Starkweather (1969), water has a cross-linking effect, in¬
creasing the rigidity of chain folds and intercrystalline
links in the direction of chain orientation. It may also
form bonds between fold-chains surfaces of adjacent
crystallites. However, at the d relaxation, the modulus of
the wet samples show a substantial drop so that at high
temperature, the modulus for wet samples is much lower than
that for dry samples. The y- and peaks of the wet samples
decrease in magnitude compared to the dry samples. Moreover,
the p peak of the wet isotropic sample is completely
covered by the tail of the cl peak. This is because at high
moisture content, the presence of aggregated water in the
amorphous regions hinders the motion of these local-mode
motions, thus resulting in a decrease in height of the |3
and relaxations. The results for isotropic nylon 66 agree
with those of Woodward et al. (1960) and Papir et al.
(1972).
The Arrhenius plots for the various relaxations are
shown in Fig. 4.4.7 and the activation energies for these












Tempe rat u re (°C)
Fig 4.4. Temperature dependence of (a) the tensile modulus
E and (b) the loss tan.gent of dry and wet
isotropic nylon 66 at 10 Hz.——, dry;——, wet.
Temperature{ °C)
Fig 4.4.5 Temperature dependence of (a) tensile modulus E
and (b) the loss tangent of dry and wet oriented
( A.= 3) nylon 66 at loHz., dry;——? wet.
Temperature( C)
Fig. 4.4.6 Temperature dependence of tan 8 of (a)
dry and (b) wet isotropic and oriented (A= 3)
nylon 66 at 10MHz. o fdry isotropic;
A, dry oriented; O, wet isotropic;
A f wet oriented
fig 4.4.7 Plot of log frequency versus i/T for isotropic and oriented nyion 66.
,dry isotropic; dry oriented (=3), o, wet
isotropic; wet oriented (=3)






















Table 4.6 Activation Energies of Dry and Wet
Nylon 6















effect of orientation is to increase the activation energy
of the d process from 70 to 91.6 kcal/mol. This is because
the d. relaxation involves large-scale motion of amorphous
chain segments and orientation leads to decreasing chains
mobility in the amorphous regions. The activation energies
of the e process are approximately constant, consistent
with the assignment of Woodward et al. (1957) that the
process is associated with local-mode motion of -CH2- groups
in the amorphous regions. The difference in the activation
energies of the process for the isotropic and oriented
samples may not be significant, since these energy values
were deduced from the data in a narrow frequency range (1-
90Hz), thereby having large uncertainty.
The activation energies of the oC process for wet nylon
66 are smaller when compared with those for the dry samples.
This arises from the fact that the presence of water leads
to the breaking of some of the intermolecular hydrogen bonds
between neighbouring chains and thus facilitates the o(
process.
4.4.2 Nylon 6
Since the relaxation behaviour of isotropic and
oriented nylon 6 is similar to that of nylon 66, only a
brief discussion is given. The loss tangents of (Iry and wet
nylon 6 samples are shown in Figs. 4.4.8 and 4.4.9, res-
pectively. The Arrhenius plots and the activation energies
of the various relaxation processes are shown in Fig. 4.4.10
and Table 4.6, respectively. The various effects of
Temperature( oC)
Fig 4,4.8
Iemperature dependence of the loss tengent of iry
isotropic and oriented nylon 6 at 10Hz and 10 MHz.
, 10Hz, isotropic, 10MHz, isotropic
10Hz, oriented( JX= 3), 10MHz, orionted.
Temperature{ °C)
Fig 4.4. j Temperature dependence of the loss tangent of wet isotropic
and oriented nylon 6 at 10Hz and 10MHz. Legends same as
Fig 4.4.8
rig 4.4.10 Plot of log frequency versus 1T for isotropic and oriented nylon 6.© v
dry isotropic; B, A, v, dry oriented; o, wet isotropic,, wet orient
orientation on the d- relaxation: decrease in magnitude of
tan S, shifting-up of T, and the increase in activation
energy, are similar to those for nylon 66 and again arise
from alignment of chains and the effect of TTM. The peak-
value .of the tan, and the activation energy of the
relaxation are approximately independent of orientation
indicating that this process is a local-mode motion. The
larger magnitude of the j3 peak for the dry oriented nylon 6
compared with that for isotropic nylon 6 is due to breaking
of intermolecular hydrogen bonds upon drawing. The decreases
in the relaxation peak temperature and the activation energy
of the process in wet samples are due to breaking of
intermolecular hydrogen bonds between neighbouring chains.
The explanation for all these features are similar to those
for ny1on 66,
4,5 Mechanical Moduli of Nylons
4.5.1 Nylon 6 6
4.5.1.1 Temperature Dependence
The temperature dependence of the stiffness constants
of dry nylon 6 6 at X =3 is shown in Fig. 4.5.1. For
comparision, the stiffness constants for the dry unoriented
sample( X=1) are also shown. It is seen that the stiffness
constants of both isotropic and oriented samples decrease
with increasing temperature, indicating that the samples
Temperature (°C)
Fig. 4.5.1 Temperature dependence of stiffness
constant for dry oriented nylon 66
(= 3). The stiffness constants
for dry isotropic sample are also
shown for comparison.
become more and more compliant. As the temperature increases
from -40° to 150°C, C-q, C12' and C13 fal1 c33' c44
and have stronger temperature-dependence, and drop by a
factor of 3 to 5. Both the longitudinal modulus Cq and the
shear modulus Cr for the drawn sample show a smaller drop
near the d relaxation temperature (T= 140°- 150°C) than
the corresponding moduli for isotropic nylon 66. This is
consistent with the decrease in tan 8 q with orientation
shown in Fig. 4.4.6 and is due to the reduction in molecular
mobility arising from the presence of TTM. As a result,
drawing leads to an increase in and C-r above T. How-
ever, below T, orientation effect is predominant and the
decrease in the transverse longitudinal modulus Cq and the
corresponding increase in axial longitudinal modulus C q
compared to the longitudinal modulus of isotropic nylon 66
are attributed largely to alignment of covalent bonds in
both the crystalline and amorphous regions. It is also seen
that from Fig. 4.5.1 that for the oriented sample.
The lower values for C44 can probably be ascribed to CC
shear, i.e. shear in the plane containing the chain axis.
The process is very strong in drawn low-density polyethylene
(Raumann and Sauders, .1961). Our results indicate that it is
rather weak in nylon 66 but still observable.
The moduli for the dry and wet samples are compared in
Figs. 4.5.2- 4.5.4. Since water is a potent plast.ic.izer for
nylons, T shifts from about 150°C(= 3) to 40°C when the
sample is saturated with water. Therefore C-q, Cq and
of wet nylon 66 have a large drop near room temperature so
Temperature (°C)
Fig 4.5.2 Temperature dependence of stiffness constants
C,_, C.- and Crr of drv and wet oriented
nylon 66( A= 3)
Temperature( °C)
Fig 4.5.3 Temperature dependence of Young's
moduli E, E, E of (a) dry and (b)
wet oriented nylon 66(= 3). The
Young modulus of isotropic nylon 66
E. and also shown.®, dry E
dry E45; -f ,dry EgQ; o., wet Eq; a,
45 90 iso
Fig 4.5.4 Young's moduli E versus 0 of dry and
wet oriented (A- 3) nylon 66 at (a)
-40°C and (b) 40°C. o, wet;©, dry.
that at 70°c they are much lower than the moduli of dry
nylon 66 (Fig. 4.5.2). However, at low temperature, water
acts as an antiplasticizee, so the moduli of wet nylon 66
are higher than the corresponding moduli of dry nylon 66.
The Young's moduli at 0°(E q), 45°(E 4 5), and 90°(E g q)
to the draw axis are shown in Fig. 4.5.3 for both dry and
wet nylon 66 (X= 3). The Young's modulus Eso for isotropic
nylon 66 is also shown. For dry nylon 66, E Q ESQ E 9 q
over the temperature range -40°- 120°C. This is due to the
alignment of covlaent bonds. Above 120 °c, e90 Eiso which
arises from the stiffening effect of TTM. This effect is
more important above T since the amorphous regions are now
rubbery and have a much lower modulus than the TTM, which
therefore act like an reinforcing filler. Wet nylon 66 (X=
3) also shows similar features except that the cross-over of
Eiso an( e90 occurs aE a lower temperature 0°C). This is
due to shifting of T from 150° to 40°C. Furthermore, due to
the plasticizing and antiolasticizing effect of water above
and below room temperature, respectively, the Young's moduli
of wet nylon 66 are higher below 20°C but lower above 20°C
than the corresponding moduli of dry nylon 66. It is noted
that E- E 9 q over the entire temperature range for both
the dry and wet oriented nylon 66( X= 3). Such a result had
also been observed by Owen and Ward (1973) for nylon 6 {X-
2.6) at 17.5°C by means of creep measurements (10 seconds
after loading). This result is due to CC shear as mentioned
above.
The Young's modulus as a function of angle 0 to the
draw direction for dry and wet oriented nylon 66 at -40° am
40°C is shown in Fig. 4.5.4. The Young's modulus shows a
minimum at an angle 0 of about 50° for both dry and wet
oriented nylon 66, which arises from CC shear discussec
above. At -40°C, as a result of the antiplasticizing
effect, the Young's moduli of wet oriented nylon 66 are
about 40% higher than the corresponding moduli of dry nylor
66 at all angles. However, above T (say, at 40°C), the
Young's moduli of wet nylon 66 are about 40% lower than the
corresponding Young's moduli of dry nylon 66 reflecting the
plasticizing effect of water.
4.5.1.2 Draw Ratio Dependence
Draw ratio dependence of various elastic moduli of dry
and wet nylon 66 is shown in Figs. 4.5.5- 4.5.7. For dry
nylon 66 at ~40°C, the increase in C33 and the decrease in
Cjj with draw ratio simply reflect the alignment of covalent
bonds in both the crystalline and amorphous regions (Fig.
4.5.5). However, because of the stiffening effect of the
TTM, C-j( X= 1) drops faster than C1 (X= 3) at
temperature around T so that C11 increases with increasing
at 1 5 0° C.
Similar features are also observed for the Young's
moduli shown in Fig. 4.5.7. As X increases from 1 to 3, En
at —40c increases about 60% whereas Eq at 15 0 (3 increases
about 75%. Again at 150°C, E45 and Ego increase with A
Fig 4.5.5 Draw ratio dependence of stiffness
constants Ci2' C13 and C33 of dry
and wet nylon 66 at (a) -40°C, (b) 40°C
and (c) 150°Ca, dry C33;©, dry;
, dry C12;, dry C13;, wet C33;
o wet Cn_; y, wet c -j 2', wet C3
Fig 4.56 Draw ratio dependence of stiffness
constants C.. and C66 of dry and wet Nylon
66 at (a) -40°C, (b) 40°C and (c) 150°C.
$. drY c66; S, dry C44 , wet C6
, wet C44.
Fig 4.5.7 Draw ratio dependence of the Young's
moduli E, E, E of dry and wet Nylon 66
at (a) -40°C, (b) 40°C and (c) 150°C.
dry EQ;. dry E; y., dry EgQ
O? wet'E; L, wet E;
, wet E9q
because of the prominent effects of TTM.
The other moduli also show similar features. Below Td,
C12 C13, C44 and have weak draw ratio dependence and
decrease only slightly with draw ratio. However, above
(say, at 150°C), all these moduli increase with draw ratio,
with Cgg increasing by almost a factor of 2.
It is also seen from Figs. 4,5.5- 4.5.7 that all the
moduli of wet nylon 6 6 are higher than those of dry nylon 66
at -40°C, but the situation is reversed at 40°C with the
moduli of dry nylon 66 being higher. These antiplasticizing
and plasticizing effects of water on nylon 66 have already
been discussed.
As mentioned in the Introduction, there has been only
one reported work by Hadley et al. (1969) on the complete
characterization of the low-strain mechanical properties of
oriented nylon 66. Using four different quasi-static
techniques, they obtained all five independent compliances
for a nylon 66 fibre at 21°C. From the frequency-temperature
equivalence relation established in the previous sections,
it is clear that the static data at 21°C are equivalent to
our ultrasonic data in the range 70°- 90°C. It is seen from
Table 4.7 that the agreement between these measurements is
better than 20% except for S14(= 1Eq). This discrepancy may
arise from the low accuracy of the transverse compression
method used for the determination of the static S.
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4.5.2 NyIon 6
The temperature dependence of various elastic moduli
for dry and wet nylon 6 is shown in Figs. 4.5.8- 4.5.10.
Furthermore, the draw ratio dependence of these moduli is
also shown in Figs. 4.5.11- 4.5.13. In general, nylon 6 and
nylon 6.6 .show similar features in both the temperature and
draw ratio dependence. Therefore the discussions for nylon
66 in the previous section are also appropriate for nylon 6.
The difference between dry nylon 6 and nylon 66 is only
noticeable near 150°C at which the elastic moduli of nylon 6
have lower values. This is because nylon 6 has a T(
130°C) about 15°C lower.
It is also seen from Fig. 4.5.8 that there is a cross¬
over between and C140°C. Such a behaviour has also
been observed by Starkweather (1969) in quasi-static tensile
measurements, and can be explained by the Takayanagi model.
This model assumes that the amorphous region is in series
with the crystalline region along the draw direction, while
in the perpendicular direction the two regions are parallel.
The modulus along the draw direction is expected to have a
large drop at the major relaxation (the d relaxation in the
present case) since above this relaxation the modulus of the
amorphous region becomes very small. In the perpendicular
direction the fall in modulus is less pronounced, since the
crystalline region still supports the applied stress. Thus
the model predicts a cross-over of the moduli C 3 3 and C 3
near the d relaxation.
Temperature(°C)
Fig 4.5.8 Temperature dependence of the
stiffness constants of dry oriented
nylon 6()= 3). The stiffness
constants C and C of dry
isotropic nylon 6 are also shown
for comparison.
(°fbL)
Fig 4.5.9 Temperature dependence of 13 and




Fig 4.5.10 Temperature dependence of Young's
moduli E E45' E9q of a dry and
(b) wet oriented nylon 6= 3).
The young's modulus of isotropic
samples E'. are also shown.
Fig 4.5.11 Draw ratio dependence of stiffness
constants 12' 13' 33 anc
wet Nylon 6 at (a) -40°C, (b) 40°C and
(c) 150°C dry C0, dry C;
dry C12;, dry C13;A; wet C33;
O j wet CX1; v, wet; O, wet C„
Fig 4,5.12 Draw ratio dependence of stiffness
constants C.. and Crr of dry and wet
Nylon 6 at (a) -40oC, (b) 40°C and (c)
150°C66, dry; dry C44; 0 wet
C66' D wet C44.
Fig 4.5.13 Draw ratio dependence of Young's module,
E E and Enri at (a) -40°C, (b) 40°C0 45 90
and (c) 150°C of dry and wet Nylon 6.
Q, dry E0, dry, E45;, dry EQ;
O, wet E0, wet, E 4, 1, wet E90
4.6 Comparison with Two-Phase Aggregate Model
Theoretical and experimental estimates of the moduli of
nylon 6 crystals are available (Tashiro and Tadokoro, 1981).
Also, as discussed earlier, the values of the amorphous
orientation function f are more reliable for nylon 6, so we
will make comparison with the model only for this polymer.
For nylon 6 E.- 11 GPa (Tashiro and Tadokoro, 1981), thus
is taken to be independent of
temperature. Then the parameter Aa can be obtained by least
square fitting of Eq. 2.57 to the tensile compliance of
isotropic samples at different crystal1inities (V= 0.25-
0.45) with a fixed value of AQ. The values of Aa are found
to be 0.290, 0.410 and 2.170 at -40°, 40° and 150°C res-
pectively.
Fig. 4.6.1 shows the comparison between the prediction
of the two-parameter model and the observed Young's modulus
E0 at -40°, 40° and 150°C. Although' the agreement is
reasonable at low angle 0, the model fails to predict the
minimum around 0= 50°. This indicates that, besides the
orientation effect, the CC shear process also has an
appreciable influence on the Young's modulus. This shear-
process has not been taken into account in the Seferis
model. Furthermore, at temperature near T 130°C), larger
discrepancy between model prediction and data is noticeable.
Since A A in this temperature range, the aggregate
model predicts E and
Angles()
Fig. 4-6.1 Variation of the Young's modulus with
angle 0 relative to the draw axis for
Nylon 6 at( a)- 40°C,( b) 40°C and
(c) 150°C
V c) A a according to E q s. 2.56 and 2.57. Thus E90< Eiso at
high temperature. On the contrary, Fig.4.6.1c shows that the
observed Ecjq increases as JX. increases. Such a discrepancy
has previously been observed in PP (Leung and Choy, 1983)
and POM (Choy, Leung and Huang, 1983), and is probably due
to invalidity of the assumptions used in the two-parameter
model at high temperature (see section 2.3).
CHAPTER 5
CONCLUSION
The process of drawing gives rise to two major changes
in nylons namely, the alignment of chains in both the
crystalline and amorphous regions, and the production of the
taut tie-molecules. As a result, the d relaxation decreases
in magnitude and shifts to higher temperature, and the
activation energy increases. However, the 8 and 9
relaxations, which involve local-mode motions, are little
affected by drawing.
The axial tensile (Eq) and the longitudinal modulus
(C33) increase substantially with increasing draw ratio. At
low temperature, the other moduli vary little with draw
ratio. However, at high temperature where the amorphous
phase is rubbery, the reinforcing effect of taut tie-
molecules leads to an increase in all moduli, including the
transverse tensile modulus (Eq) and axial and transverse
shear moduli (C44, Cgg).
Both the d relaxation and the moduli are strongly
affected by aborption of water. The d relaxation shifts down
about 95°C and the activation energy decreases. At low
temperature, the antiplasticizing effect of water leads to
higher moduli for wet nylons. The situation is reversed at
the d relaxation of wet nylons, above which the moduli of
wet nylons are lower, reflecting the plasticizing effect of
water.
The two-phase aggregate model assumes that there are no
morphological changes in a semicrystalline polymer during
drawing, and the mechanical properties are determined solely
by the molecular orientation in the amorphous and
crystalline phases. This does not seem to give an
appropriate description of the mechanical behaviour of
nylon 6 because of the importance of the CC shear process.
Furthermore, at high temperature, the reinforcing effect of
taut tie-molecules becomes dominant and the two-phase
aggregate model is no longer valid.
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